ABSTRACT
INTRODUCTION
Vapor compression (VC) chillers are widely used in the air conditioning and refrigeration industries. In contrast to ideal vapor compression cycle that operates isothermally and isentropically, actual vapor compression chiller suffers from several irreversibilities that are mainly governed by fluid friction (pressure drop), finite rate heat transfer and heat leaks to and from the surroundings [1] [2] [3] [4] [5] [6] [7] [8] . Pressure drops at the condenser and the evaporator as well as nonisentropic compression and expansion by the compressor and the expansion valve contribute to entropy generation in a VC system. The increase in entropy generation is further amplified during a faulty condition. These irreversibilities contribute to higher power consumption in chiller.
In this study, we attempted to predict chiller power consumption using entropy generation approach. Entropy generation for each component of a chiller namely (i) evaporator (ii) compressor (iii) condenser (iv) expansion valve and (v) refrigerant piping were calculated based on the local temperature and pressure measurements. From the First and Second Laws of Thermodynamics, the entropy generation and loss work of the refrigeration cycle can be determined, thus enabling the prediction of the power consumption of chillers. This method can be effectively used to detect and diagnose faults in refrigeration system by monitoring the trends of entropy generated in the primary components of a chiller.
ENTROPY GENERATION IN VAPOR COMPRESSION CHILLER
For the calculation of entropy generation [1] for each key component of a VC chiller at steady state, the refrigerant mass flow rate was assumed to be constant throughout the cycle.
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3 Energy balance and entropy balance equations were used to calculate the irreversibilities for each chiller component shown in Figure 1 .
Evaporator:
First law Energy Balance:
Second law Entropy Balance:
For water-cooled evaporator, is taken as the chilled water outlet temperature, using the extended boundary concept. Since, chilled water outlet temperature defines the chiller operating set point, therefore it is reasonable to extend the system boundary until the set point temperature.
Suction Line:
Using the concept of extended boundary, the heat sink temperature, is assumed as to be condenser inlet water temperature, Liquid Line:
The total entropy generation, ̇ of the refrigerant circuit can be obtained by summing all the entropy generations of each component.
CARNOT COP AND CARNOT POWER
As shown in Figure 2 , the energy and entropy balance for Reverse Carnot cycle can be expressed as following:-Energy Balance: 
For instance, at a specified T H Inlet, T C Inlet , and T C outlet, the condenser leaving water temperature (T H outlet ) of a reverse Carnot cycle [2] can be obtained as:
Therefore the Carnot Power (reversible work) can be obtained using the computed and other prescribed coolant temperatures. From Equation 16,
PREDICTION OF CHILLER POWER CONSUMPTION
Chiller power can be computed by summing the reversible Carnot power and total entropy generation.
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EXPERIMENTAL TEST RIG
The assembled coolant system consisted of two mixing chambers, a cooling tower, a water tank, two flow meters, five resistance temperature detectors (RTDs), six positive displacement water pumps and associated valves, four modulating valves, strainers, air vents, flow switches and a network of water pipes. The desired set point of the leaving chilled water temperature and the entering cooling water temperature were obtained by mixing the water in respective cold and hot mixing chambers using four units of electric linear modulating valves (PID 1 -4). The cold and hot chambers served the evaporator and condenser respectively. The chambers were designed with staggered internal baffles to enhance the mixing process. The hot and cold sources of the cold mixing chamber were supplied from the cooling tower return water (using pump 5) and the leaving chilled water from the evaporator respectively. These streams were controlled using PID 2 and PID 4. On the other hand, the PID 1 and PID 3 regulated the cold and hot streams of the hot mixing chamber. The cold stream for this chamber was supplied from the cooling tower return water using pump 3 while the hot stream was obtained from the leaving cooling water from the condenser. The PID 1-4 electric linear modulating globe valves were controlled using PID controllers that were developed using LabView 8. tower return water temperature. These temperatures were data logged and used as inputs for the PID controllers. The outlet streams of the cold and hot mixing chambers supplied the coolants at the specified set point temperatures to the respective evaporator and condenser using pump 6 and 1. The flow rates of these feeds could be regulated using bypass valve 13 and 7. Two electromagnetic DANFOSS MAGFLO flow meters, model MAG 5000 and 6000 (accuracy of 0.25%) were used to measure the chilled and cooling water flow rates. The schematic of the coolant system is shown in Figure 3 .
The refrigerant system consisted of a R22 scroll compressor, a water-cooled condenser, a direct-expansion water-cooled evaporator, an externally equalized thermostatic and electronic and (vii) compressor suction line (TP7). This schematic is shown in Figure 4 .
STEADY STATE ANALYSES
In this study, leaving chilled water temperature( ), entering cooling water temperature ( ), and compressor frequency were used as operating test variables. The test matrix is shown in Table 1 . A total of 20 different set points were used to capture both the full and part load performance of the chiller. The coolant set points were controlled using the PID controlled valves while the compressor speed were regulated using the variable speed drive.
Deviations in the set points were kept to minimal using these high accuracy devices.
The specified set points along with cooling load and the overall system energy balance e) 5% tolerance in the overall system energy balance for full load data and 7.7% tolerance at a part load of 70% f) 5% tolerance in both the rated cooling water and chilled water flow rate. The rated cooling water and the chilled water flow rates are 48.7 lpm and 38.6 lpm respectively.
RESULTS AND DISCUSSION
Based on the Second Law of Thermodynamics derivations as described earlier, the entropy generations of the key chiller components were computed based on refrigerant pressures and temperatures. The entropy and enthalpy values were obtained from NIST Refprop using these measured parameters. Table 2 shows the calculated entropy generations for all the chiller components at twenty different operating conditions. Table 3 compares the actual chiller power consumption (measured using energy meter) against the computed power consumption derived from Equation 25. The prediction accuracy is also shown in Figure 5 . These data show that the computed power consumption closely matches the measured chiller power. In other words, it is possible to estimate the actual power consumption by computing the entropy generated in each primary components of a chiller.
As the proposed method is able to compute the loss work of each component, it can be effectively used as a performance monitoring tool by trending this parameter over a time frame.
For instance fouling in condenser tubes would gradually increase chiller power consumption due to higher lost work resulting from greater entropy generation in condenser. 
ACCEPTED MANUSCRIPT ACCEPTED MANUSCRIPT

13
CONCLUSIONS
